1. Introduction {#sec0005}
===============

Equine infectious anemia (EIA), which is caused by equine infectious anemia virus (EIAV), is a worldwide disease of equids that is often endemic ([@bib0055], [@bib0120]). Persistent infection can occur in horses, characterized by recurring cycles of viremia and clinical symptoms, including fever, anemia, ventral edema, thrombocytopenia and general wasting ([@bib0120]). Most EIAV-infected horses typically experience a classical disease process, which is divided into three stages, including acute, chronic and asymptomatic stages ([@bib0055], [@bib0120]). Published studies have consistently confirmed that during the acute phase, persistent replicative sites of EIAV are macrophage-rich tissues, including the spleen, bone marrow, liver, kidney and lymph nodes. Peripheral blood mononuclear cells (PBMCs) and other tissues contain fewer viruses in horses infected with the wild-type virulent strain EIAV~Wyo~ ([@bib0115], [@bib0250]). The primary target cells for EIAV replication are of the monocyte/macrophage lineages. Macrovascular endothelial cells can also be infected during the acute stage ([@bib0075], [@bib0160], [@bib0190]). However, during the asymptomatic stage, although the spleen and liver have low levels of viral replication, the virus is usually undetectable in PBMCs and other tissues of horses infected with the weakly virulent tissue culture-adapted strain EIAV~PV~ ([@bib0075]). In addition, viral mRNA has been found in tissue macrophages during the asymptomatic stage ([@bib0185]). Therefore, there are differences in the tissue distribution and cellular tropism between the acute and asymptomatic phases of EIAV infection.

The live attenuated vaccine strain EIAV~DLV121~ was developed in the 1970s by successively culturing the pathogenic strain EIAV~DV117~, which was adapted from a horse-tropic virulent strain, EIAV~LN40~, and is pathogenic to both horses and donkeys, in donkey monocyte-derived macrophages (MDMs) for 121 passages. EIAV~DLV121~ was extensively applied in China for the vaccination of horses, mules and donkeys and controlled the pandemic of EIA([@bib0260]). This vaccine strain was further adapted in donkey dermal cells (FDD) to improve the induction of immune protection and facilitate manufacturing ([@bib0265]).

Whole-blood transfer from horses in the asymptomatic state to naïve animals has been shown to result in EIAV infection and disease in recipient horses ([@bib0095]), and the treatment of horses in the asymptomatic state with immunosuppressive drugs such as dexamethasone has been reported to lead to the recrudescence of disease ([@bib0110]). These results demonstrate that this long-term unapparent or asymptomatic state is reversible. However, the same approach of immunosuppression did not induce either a significant boost in the plasma viral load or active EIA in horses infected with an attenuated EIAV vaccine strain ([@bib0135], [@bib0255]). The above results suggests that the live EIAV vaccine strain has a unique biological features. Tissue or cell tropism is an important characteristic of viruses that affects their pathogenesis. It is therefore of interest to examine whether the cellular tropism and replication of this vaccine strain in tissues are different from those of other EIAV strains.

The abnormal expression of cytokines and chemokines has been demonstrated in infections with lentiviruses, including human immunodeficiency virus-1 (HIV-1), feline immunodeficiency virus (FIV) and simian immunodeficiency virus (SIV), and has been shown to contributes to systemic tissue damage ([@bib0030], [@bib0200], [@bib0245]). The expression levels of IL-2 and IL-15 have been reported to be increased in lymphoid tissues in chronic HIV-1 infection, resulting in lymphadenopathy ([@bib0030]). A study of FIV-infected cats has demonstrated that cytokine dysregulation in early- and late-term placentas dramatically impacts pregnancy outcome and that the viral load during late pregnancy is positively correlated with IL-6 expression ([@bib0245]). In addition, SIV infection alters the chemokine networks and local immune environments in the lungs, which are critical to the outcome of viral infection ([@bib0205]). The pulmonary symptoms associated with SIV infection are closely associated with the increased expression of MCP-1 and CXCL10 in the lungs of rhesus macaques ([@bib0200]). EIAV infection also results in interstitial pulmonary pathology similar to that observed in HIV-infected children ([@bib0060]), SIV-infected macaques ([@bib0200]) and FIV-infected cats ([@bib0035], [@bib0040]). In vitro infection of primary monocytes/macrophages also induces the differential expression of several cytokines (e.g., IL-1α, IL-1β, IL-4, IL-10, IFN-α and TNF-α) and chemokines (e.g., IL-8, MCP-1, MCP-2, MIP-1α, MIP-1β and IP-10) between the EIAV virulent strain EIAV~LN40~ and the vaccine strain EIAV~DLV121~ ([@bib0125]). However, little is known about the cytokine responses in tissues from EIAV~LN40~- or EIAV~DLV121~-infected horses.

Comparative virology and immunology studies between Chinese pathogenic strains and partial or completely attenuated strains have been extensively performed in our laboratory for 10 years ([@bib0125], [@bib0130], [@bib0140], [@bib0285]). To better understand the differences in tissue tropism and pathogenesis between Chinese pathogenic strains and completely attenuated strains, six horses (three in each group) were inoculated with either the pathogenic EIAV~LN40~ strain or completely attenuated EIAV~DLV121~ vaccine strain. An additional three horses were placed into a negative control group. The pathological damage, replication status, and cellular tropism, as well as host responses in the lungs and spleens of infected animals, were examined.

2. Materials and methods {#sec0010}
========================

2.1. Animals {#sec0015}
------------

Nine two-year-old male horses were used in this study. All horses were negative for equine arteritis virus (EAV), equine influenza virus (EIV) and equine herpes virus (EHV) at the initiation of the study. EIAV infection was screened three months prior to the experiment using an agar gel immunodiffusion test (AGID) (VMRD, USA) three times with an interval of one month. All animal experiments were carried out under approved animal handling protocols and according to the guidelines of the Animal Management Committee of Chinese Harbin Veterinary Research Institute.

2.2. Viruses and infections {#sec0020}
---------------------------

The EIAV strains used in this study were stored at the Harbin Veterinary Research Institute. The horses were randomly separated into three groups. The three horses in Group A (A1--A3) were subcutaneously inoculated with 1 × 10^5^ TCID~50~ (50% tissue culture infective doses) of the vaccine strain EIAV~DLV121~. The horses inoculated with this dose of EIAV~DLV121~ developed protective immunity to challenge with EIAV~LN40~ ([@bib0255], [@bib0260]). Group B contained three (B1--B3) horses that were inoculated with the same titer of the pathogenic strain EIAV~LN40~ following a previously described protocol ([@bib0255]; [@bib0260]). The last three horses (Group C, including C1, C2 and C3) were injected with the same volume of saline as the negative controls. The horses in each group were separately fed, and the breeding conditions were controlled to ensure for animal welfare.

2.3. Sample collection {#sec0025}
----------------------

The body temperature, platelets counts and clinical symptoms of the horses inoculated with EIAV were monitored for 30 days. Blood samples were obtained, and tissues were collected for histopathological, virological and cytokine assays on the day of euthanization. PBMCs were separated from the blood as previously described ([@bib0125]). Three different regions of the lungs and spleen were sampled. All tissue samples were obtained in duplicate, one of which was fixed in 10% neutralized phosphate-buffered (PB) formalin for histopathology assays, and the other of which was stored separately at −80 °C for viral load and cytokine analyses.

2.4. Histopathology and immunohistochemistry {#sec0030}
--------------------------------------------

After fixation for 24 h, all tissues were processed for routine histology. Tissue blocks were sliced into 5 μm sections and then stained with standard hematoxylin and eosin (H&E). Immunohistochemical staining was performed to detect the viral p26 antigen in the tissues according to a published protocol ([@bib0035]). In the present study, the monoclonal anti-p26 antibody CA26, prepared in this laboratory, was used as the primary antibody and a goat anti-mouse IgG labeled with horseradish peroxidase was used the secondary antibody (Beyotime, China). DAB (Diaminobenzidine) (Beyotime, China) was used as a chromogen, and hematoxylin (Beyotime, China) was used as a counterstain. The controls for specificity included uninfected and infected tissue sections that were not incubated with the primary antibody. All tissue sections were examined by light microscopy (Leica, Germany).

2.5. RNA extraction and reverse transcription {#sec0035}
---------------------------------------------

Tissue homogenates were prepared by grinding tissue samples in liquid nitrogen in a mortar; then, the total RNA was extracted from of the tissue samples using Trizol regent (Invitrogen, USA), according to the manufacturer\'s instructions. The total RNA was treated to remove genomic DNA using a PrimeScript RT reagent Kit with gDNA Eraser from a Perfect Real Time Kit (Takara, Japan) prior to undergoing reverse transcription. Briefly, to remove genomic DNA, a reaction mixture containing 2 μl of total RNA (1 μg), 2 μl 5 × gDNA buffer, 1 μl gDNA Eraser and 5 μl DEPC-treated water was prepared. The reaction conditions were as follows: 42 °C for 2 min, followed by storage at 4 °C. Reverse transcription was performed in a total volume of 20 μl; 10 μl of reverse-transcription mix was added to the reaction solution from the above step, which included 4 μl of 5 × PrimeScript buffer 2 (for real-time PCR), 1 μl PrimeScript RT Enzyme Mix I, 1 μl RT Primer Mix and 4 μl RNase-Free dH~2~O. The reaction conditions were as follows: 37 °C for 15 min; 85 °C for 5 s; and storage at 4 °C. Three independent RNA extractions were performed for each tissue site, and the resulting cDNA was used as the corresponding template for viral transcripts amplification and tissue viral load and cytokine analyses. These samples were stored at −80 °C until use.

2.6. Nested PCR {#sec0040}
---------------

Viral transcripts were amplified by performing reverse transcription of the cDNA templates. The nested PCR primers used, including the outer and inner primers, and the annealing temperature for each primer set are indicated in Supplementary Table 2. PCR was performed in a 50 μl reaction volume using a Takara LA PCR Amplification Kit Version 2.1 (Takara, Japan) following the manufacturer\'s instructions. Sterile distilled water and cDNA templates prepared from healthy tissues were used as the blank and negative controls, respectively. All PCR products were analyzed by 1% agarose gel electrophoresis.

2.7. Viral loads in tissues {#sec0045}
---------------------------

EIAV RNA in the lungs and spleens was measured using quantitative real-time PCR (qRT-PCR) and presented as viral copy numbers per μg of total tissue RNA. Standards were prepared as previously described ([@bib0290]). The reaction was performed in a 96-well optical plate (Roche, Switzerland) in a 20 μl volume, which included 1 μl cDNA template, 10 μl SYBR Premix Ex Taq II (Tli RNaseH Plus) (Takara, Japan), 1 μl PCR forward primer (10 μM), 1 μl PCR reverse primer (10 μM) and 7 μl RNase-free water. The reaction conditions were as follows: 95 °C for 30 s and 40 cycles of 95 °C for 5 s (the annealing temperature used for each gene is indicated in Supplementary Table 2) and a final extension step at 72 °C for 20 s. The samples were tested in quadruplicate. Data were collected and analyzed with an MxPro3005p qPCR system (Stratagene, USA).

2.8. Quantitative analysis of cytokines {#sec0050}
---------------------------------------

The expression levels of IFN-α, IFN-β, IFN-γ, IL-1α, IL-1β, IL-6, IL-8, IL-10, CXCL10, MX1, CXCL12 and CCL21 in the lungs and spleens were determined by RT-PCR. Briefly, RNA was extracted as described above. The samples were assessed in quadruplicate, and β-actin was used as the reference mRNA. The target mRNA samples were run in parallel on the same plate. The reaction conditions were the same as those described for the qRT-PCR of EIAV genomic RNA. The relative cytokine expression levels were calculated from the normalized Δ*C* ~T~ values. To determine the differentially expressed target genes in the horses infected with either EIAV~DLV121~ or EIAV~LN40~, the fold changes in cytokine expression levels from the tissues of the EIAV-infected horses were compared to those of uninfected horses, which served as the calibrator, as calculated using the 2^−ΔΔCT^ method ([@bib0005]).

2.9. Statistical analysis {#sec0055}
-------------------------

All statistical analyses of the real-time RT-PCR data, including the viral loads and cytokine mRNA levels in the PBMCs and tissues from the EIAV-infected horses, were performed to compare the experimental groups using two-tailed Student\'s *t* test. The results were considered statistically significant or very significant when *P* values were less than 0.05 or 0.01, respectively.

Spearman\'s correlation coefficients (*r*) were determined between the viral loads and the fold changes of specific cytokines in the samples obtained from the same tissue site. All analyses were performed using SPSS 16.0 software (IBM, USA), and all analytic graphs were constructed using GraphPad Prism (GraphPad Software, USA).

3. Results {#sec0060}
==========

3.1. Obvious pathological changes occurred in tissues from horses infected with EIAV~LN40~ but not with EIAV~DLV121~ {#sec0065}
--------------------------------------------------------------------------------------------------------------------

To examine the pathogenicity of the vaccine strain EIAV~DLV121~ in horses, we experimentally infected three horses (Group A) with 1 × 10^5^ TCID~50~ of this strain. Another two groups of horses (Group B and Group C, three horses each) were inoculated either with the same volume of the pathogenic strain EIAV~LN40~ or the saline as the positive and negative controls, respectively. All three of the horses infected with the EIAV~LN40~ (B1--B3) developed active EIA (body temperature \>39 °C, platelet count \< 100,000/μl, and plasma viral load \> 1 × 10^6^/ml) within 1 month post-infection and were euthanized at 30 days post-infection. No detectable EIA-associated symptoms were observed in the horses from the other two groups (Groups A and C; Supplementary Table 1).

Clear alveolar outlines and normal bronchial structures in the lungs ([Fig. 1](#fig0005){ref-type="fig"} A and E) and a normal profile of the white pulp and moderate cell density in the red pulp in the spleens were observed in the horses in Groups A and C ([Fig. 1](#fig0005){ref-type="fig"}B and F). In contrast, alveolar wall thickening (arrowheads), severe histological inflammation, the emergence of macrophages, cell degeneration and necrosis of the alveolar wall (arrows) were identified in the lungs of the horses infected with EIAV~LN40~ ([Fig. 1](#fig0005){ref-type="fig"}C). Furthermore, serious hyperemia was observed in the red pulp (arrowheads), and necrotic zones of varable sizes appeared in the white pulp, within which either the structures of blurred cytoplasm or ruptured nuclei due to chromatin dissolution in the lymphocytes were observed in the spleens from EIAV~LN40~-infected horses (arrows) ([Fig. 1](#fig0005){ref-type="fig"}D).Fig. 1Histopathological observation of lungs and spleens. Tissue sections from horses infected with EIAV~DLV121~ (A and B) or EIAV~LN40~ (C and D) and uninfected negative controls (E and F) were stained with hematoxylin and eosin (H&E). Arrowheads indicate alveolar wall thickening; and arrows indicate severe histological inflammation and the emergence of macrophages, cell degeneration and necrosis of the alveolar walls (C). Arrowheads indicate serious hyperemia in the red pulp; and arrows indicate necrotic zones of variable sizes that appeared in the white pulp (D). The magnification of the lung is 100× and that of the spleen is 100×.

3.2. EIAV~DLV121~ infected a different panel of target cells at a much lower replication level compared with EIAV~LN40~ {#sec0070}
-----------------------------------------------------------------------------------------------------------------------

The capsid protein (p26), which contains most antigenic epitopes for T cell-mediated immune responses, is the most abundant protein of EIAV ([@bib0010], [@bib0080]). Immunohistology for p26 revealed that in addition to being detected in the alveolar walls in the lungs ([Fig. 2](#fig0010){ref-type="fig"} A and C) and the white pulp in the spleens ([Fig. 2](#fig0010){ref-type="fig"}B and D) from the EIAV~DLV121~- and EIAV~LN40~-infected horses, this viral protein was found in the vessels of both tissues from the EIAV~LN40~-infected horses ([Fig. 2](#fig0010){ref-type="fig"}C and D). According to cell morphology and location, the p26 antigen was mainly distributed in alveolar epithelial cells and vascular endothelial cells in the lungs ([Fig. 2](#fig0010){ref-type="fig"}C) and in vascular endothelial cells in the spleens of the horses infected with EIAV~LN40~ ([Fig. 2](#fig0010){ref-type="fig"}D), as well as in macrophages in the alveolar walls of the lungs ([Fig. 2](#fig0010){ref-type="fig"}A and C) and in the macrophages in the spleens ([Fig. 2](#fig0010){ref-type="fig"}B and D) of both the EIAV~DLV121~-infected and EIAV~LN40~-infected horses. No signals were detected in the lungs or spleens of the negative control group C ([Fig. 2](#fig0010){ref-type="fig"}E and F).Fig. 2Immunohistochemistry of lungs and spleens. Immunohistochemical assays of the EIAV p26 capsid protein in these tissues from horses infected with either EIAV~DLV121~ (A and B) or EIAV~LN40~ (C and D) or from uninfected horses (E and F) were performed using a p26 monoclonal antibody and a horseradish peroxidase-conjugated secondary antibody. The arrows show the positively stained macrophages. The solid and hollow arrowheads indicate positively stained vascular endothelial cells and alveolar epithelial cells, respectively. The magnification is 50×.

The level of viral load in the host are considered as thresholds for the type of host responses characterized as thresholds of virus detection, seroconversion, vaccine and disease ([@bib0295]). Horses infected with EIAV exhibit typical clinical symptoms when the circulating viral load reaches 10^7^ copies/ml or higher ([@bib0050]). Therefore, we detected the EIAV RNA copy numbers in the indicated tissues to evaluate their correlations with the pathological changes in these tissues. To compare the cell-associated viral RNA levels in the tissues between the EIAV~DLV121~-infected and EIAV~LN40~-infected horses, viral RNA was quantified by qRT-PCR. Viral RNA was detected in the lungs and spleens of all three EIAV~DLV121~-inoculated horses in Group A, with mean levels of 1.1 × 10^3^ and 2.8 × 10^3^ viral copies/μg total RNA, respectively ([Fig. 3](#fig0015){ref-type="fig"} A). The mean viral RNA level in the PBMCs was significantly higher (1.2 × 10^4^ viral copies/μg of total RNA) ([Fig. 3](#fig0015){ref-type="fig"}A). Significant differences were observed in the viral loads between the PBMCs and the lungs for Group A (*P *\< 0.01). However, in the EIAV~LN40~-infected horses (Group B), the mean viral RNA levels were 4.4 × 10^5^ and 2.0 × 10^6^ copies/μg total RNA in the lungs and spleens, respectively, and a higher level (6.5 × 10^6^ viral copies/μg of total RNA) was observed in the PBMCs ([Fig. 3](#fig0015){ref-type="fig"}B). Furthermore, there were no significant differences in the viral loads among the tissues of Group B. However, the viral RNA levels in the lungs, spleens and PBMCs of the EIAV~LN40~-infected horses were significantly higher than those of the EIAV~DLV121~-infected horses (*P*  \< 0.01 for all three).Fig. 3Detection of EIAV RNA in peripheral blood mononuclear cells (PBMCs), lungs and spleens. Total RNA was extracted from these tissues. Levels of cell-associated EIAV RNA were quantitated by amplifying the *gag* gene fragment using real-time (RT)-PCR in tissue samples from animals infected with either EIAV~DLV121~ (A) or EIAV~LN40~ (B). Three samples from each lung and spleen were measured. \*, *P *\< 0.05 and \*\*, *P *\< 0.01 compared with the corresponding sample between groups. ^\#^, *P *\< 0.05 and ^\#\#^, *P *\< 0.01 compared with the different samples within the same group. The triangle, square and circle represent different animals, respectively. The results for PBMCs from each horse are expressed as the mean values and those for each tissue site are expressed as the means ± SD (*n* = 4).

To confirm the virus replication in the lungs and spleens of the EIAV~DLV121~-inoculated horses, nested PCR was performed to amplify the viral transcripts, including gag, pol and env. The three transcripts were clearly detected in the lung and spleen tissues from all EIAV-infected horses (Fig. S1A and B). These results indicated that viral RNAs of both the vaccine and virulent strains were most likely present in their full-length forms in the tissues, suggesting the synthesis of viral genomes. None of the negative control animals tested positive for viral RNA.

3.3. Infection with EIAV~DLV121~ and EIAV~LN40~ differentially regulated the expression of multiple cytokines and chemokines {#sec0075}
----------------------------------------------------------------------------------------------------------------------------

EIAV~LN40~ promotes the up- and down-regulation of the expression of different cytokines and chemokines that are critically involved in host responses, including immunity and pathogenesis. Our previous study has revealed that the expression levels of cytokines and chemokines differ in cultivated MDMs in the presence of pathogenic versus attenuated EIAV strains ([@bib0125]).

To investigate whether the EIAV vaccine strain EIAV~DLV121~ also induced different cytokine responses from those induced by the pathogenic strain EIAV~LN40~ *in vivo*, the relative mRNA expression levels of eight cytokines (IL-1α, IL-1β, IL-6, IL-10, IFN-α, IFN-β, IFN-γ, and MX1) and four chemokines (IL-8, CCL21, CXCL10 and CXCL12) were examined in the lungs and spleens of horses inoculated with these viruses, and these levels were compared with those of the uninfected control group. According to the amplification curve, all PCR efficiencies were \>95%, demonstrating the similar amplification efficiencies among the target (cytokines) and reference (β-actin) mRNAs.

In both the EIAV~DLV121~- and EIAV~LN40~-infected lungs and spleens, the mean fold changes of the IL-1α, IL-6, IL-8 and CXCL10 mRNA levels were increased (by more than two-fold) relative to the uninfected group, but the fold changes in the EIAV~DLV121~-inoculated horses were much lower than those in the EIAV~LN40~-infected horses, especially those of IL-6 and IL-8, which differed by close to or over a two-fold. In addition, the expression levels of IL-1β, IL10, IFN-α, IFN-β and CXCL12 in EIAV~LN40~-infected lungs and spleens, and only those of IL-1β, IFN-α, IFN-β in the EIAV~DLV121~-infected spleens, were enhanced following the EIAV infection ([Table 1](#tbl0005){ref-type="table"} ).Table 1Measurement of cytokine and chemokine mRNA expression levels in tissues by quantitative real-time PCR.mRNAFold change[a](#tblfn0005){ref-type="table-fn"}*P*[d](#tblfn0020){ref-type="table-fn"}Spleen (*n* = 9)Lung (*n* = 9)Intra-group (lung versus spleen)Inter-group (EIAV~LN40~ versus EIAV~DLV121~)EIAV~LN40~\
versus\
UIEIAV~DLV121~\
versus\
UIEIAV~LN40~\
versus\
UIEIAV~DLV121~\
versus\
UIEIAV~LN40~EIAV~DLV121~Lung\
versus\
lungLung\
versus\
spleenSpleen\
versus\
lungSpleen\
versus\
spleenCytokines\
(increased)[b](#tblfn0010){ref-type="table-fn"}IL-1α16.9 ± 9.84.3 ± 2.27.5 ± 2.33.5 ± 0.9NSNSNSNSNSNSIL-1β14.8 ± 3.92.9 ± 0.633.2 ± 17.31.0[c](#tblfn0015){ref-type="table-fn"} ± 0.1NS0.008NSNS0.0030.009IL-6269.9 ± 90.52.9 ± 0.4149.4 ± 64.72.9 ± 1.2NSNS0.040.040.0090.009IL-1025.7 ± 12.81.4[c](#tblfn0015){ref-type="table-fn"} ± 0.44.2 ± 1.01.3[c](#tblfn0015){ref-type="table-fn"} ± 0.3NSNS0.0140.019NSNSIFN-α323.8 ± 228.02.6 ± 1.49.3 ± 2.9[2.0]{.ul} [±]{.ul} [1.1]{.ul}NSNS0.009NSNSNSIFN-β28.1 ± 13.24.0 ± 2.01325.0 ± 872.81.5[c](#tblfn0015){ref-type="table-fn"} ± 0.3NSNSNSNSNSNSIFN-γ1.2[c](#tblfn0015){ref-type="table-fn"} ± 0.333.4 ± 7.714.2 ± 4.014.8 ± 4.00.0020.04NS0.040.004\<0.001MX15.1 ± 1.04.8 ± 1.31.4[c](#tblfn0015){ref-type="table-fn"} ± 0.33.8 ± 0.90.003NS0.020.019NSNS  Chemokines\
(increased)[b](#tblfn0010){ref-type="table-fn"}IL-8535.6 ± 99.04.5 ± 1.3318.7 ± 111.94.3 ± 2.2NSNS\<0.001\<0.0010.010.01CXCL10147.7 ± 95.24.3 ± 0.531.8 ± 13.03.3 ± 0.5NSNS0.0340.04NSNS  Anti-apoptotic chemokines[b](#tblfn0010){ref-type="table-fn"}CXCL1248.2 ± 37.81.4[c](#tblfn0015){ref-type="table-fn"} ± 0.32.3 ± 0.8[17.2]{.ul} [±]{.ul} [2.8]{.ul}NS\<0.0010.013NSNSNSCCL2117.0 ± 9.71.2[c](#tblfn0015){ref-type="table-fn"} ± 0.61.5[c](#tblfn0015){ref-type="table-fn"} ± 0.6[4.7]{.ul} [±]{.ul} [0.9]{.ul}NSNSNSNSNSNS[^1][^2][^3][^4][^5][^6]

EIAV~DLV121~ makedly induced the expression of some cytokines, which differed from those induced by EIAV~LN40~. The CCL21 and CXCL12 mRNA levels were decreased by 4.7- and 17.2-fold, respectively, in the EIAV~DLV121~-infected lungs, but they were up-regulated by 2.3- and 1.5-fold by EIAV~LN40~. Notably, the vaccine strain enhanced IFN-γ mRNA expression by a mean of 33.4-fold in the spleens, whereas the pathogenic EIAV~LN40~ strain had almost no effect on IFN-γ mRNA expression (1.2-fold). Similarly, the expression of MX1 in the lungs was significantly higher than that in the EIAV~LN40~-infected group, and the difference in the mean fold change was 2.4 ([Table 1](#tbl0005){ref-type="table"}).

Host immunity and inflammation are considered to be associated with the proliferation status of an infecting virus. We next examined the possible correlation between the levels of EIAV replication and cytokine expression at corresponding sites in the same tissues infected with either EIAV~DLV121~ or EIAV~LN40~. In the EIAV~DLV121~-inoculated horses, the viral RNA copy numbers were positively correlated with the mRNA expression levels of IFN-α (*r*  = 0.663, *P*  = 0.003) and IL-10 (*r*  = 0.508, *P*  = 0.031) ([Fig. 4](#fig0020){ref-type="fig"} and [Table 2](#tbl0010){ref-type="table"} ). In the EIAV~LN40~-infected group, IL-6 was positively correlated with the viral RNA copy numbers (*r*  = 0.660, *P*  = 0.003), but two cytokines, IFN-β (*r*  = −0.689, *P*  = 0.002) and IL-1β (*r*  = −0.687, *P*  = 0.002), were negatively correlated ([Table 2](#tbl0010){ref-type="table"}). In addition, chemokines mediate cell migration and the recruitment of leukocytes, which process and secrete cytokines and chemokines, which regulate distinct intracellular signaling events ([@bib0015]; [@bib0230]). Thus, we examined the possible correlations among the expression of cytokines/chemokines at corresponding sites. In the EIAV~DLV121~-inoculated horses, the expression of IL-1α was positively correlated with that of IL-10 (*r*  = 0.530, *P*  = 0.024) and MX1 (*r*  = 0.623, *P*  = 0.006), and the expression of CXCL10 and IFN-γ was positively correlated with that of CCL21 (*r*  = 0.485, *P*  = 0.041 and *r*  = 0.484, *P*  = 0.042, respectively). In addition, the expression of CXCL12 was positively correlated with that of IFN-β (*r*  = 0.495, *P*  = 0.037) and IL-1β (*r*  = 0.765, *P *\< 0.001). In the EIAV~LN40~-inoculated horses, the expression of IFN-β was positively correlated with that of IL-1β (*r*  = 0.993, *P*  \< 0.001), and the expression of IL-1α was positively correlated with that of CCL21 (*r*  = 0.881, *P *\< 0.001). Additionally, the expression of MX1 was positively correlated with that of IFN-α (*r*  = 0.501, *P*  = 0.034) but negatively correlated with that of IFN-γ (*r*  = −0.486, *P*  = 0.041) ([Table 2](#tbl0010){ref-type="table"}).Fig. 4An example of correlation analyses between cytokine mRNA expression levels and viral RNA copy numbers in tissues from EIAV~DLV121~-infected horses. EIAV genomic RNA and IFN-α (A) and IL-10 (B) mRNA were quantified by RT-PCR, as described in [Fig. 3](#fig0015){ref-type="fig"}. Spearman\'s correlation coefficients (statistically significant: 0.5 \< *r* \< 0.8) and *P* values (significant: *P *\< 0.05, very significant: *P *\< 0.01) are provided in each graph.Table 2Correlations between relative mRNA expression levels of the cytokines in tissues during EIAV infection.GroupGene-specific\
mRNAComparison\
gene-specific\
mRNAPearson\'s\
correlation\
coefficient (*P* value)[a](#tblfn0025){ref-type="table-fn"}EIAV~DLV121~EIAVIFN-α0.663 (0.003)IL-100.508 (0.031)IFN-αEIAV0.663 (0.003)IL-100.521 (0.026)IFN-βCXCL120.495 (0.037)IFN-γCCL210.484 (0.042)IL-1αIL-100.53 (0.024)MX10.623 (0.006)IL-1βCXCL120.765 (\<0.001)IL10EIAV0.508 (0.031)IFN-α0.521 (0.026)IL-1α0.53 (0.024)MX1IL-1α0.623 (0.006)CXCL10CCL210.485 (0.041)CXCL12IFN-β0.495 (0.037)IL-1β0.765 (\<0.001)CCL21IFN-γ0.484 (0.042)CXCL100.485 (0.041)  EIAV~LN40~EIAVIFN-β−0.689(0.002)IL-1β−0.687(0.002)IL60.66 (0.003)IFN-αMX10.501 (0.034)IFN-βEIAV−0.689(0.002)IL-1β0.993 (\<0.001)IFN-γMX1−0.486 (0.041)IL-1αCCL210.881 (\<0.001)IL-1βEIAV−0.687(0.002)IL6EIAV0.66 (0.003)MX1IFN-α0.501 (0.034)IFN-γ−0.486 (0.041)CCL21IL-1α0.881 (\<0.001)[^7]

4. Discussion {#sec0080}
=============

In this study, we observed that the excessive responses of several cytokines were associated with a high level of proliferation of the pathogenic strain EIAV~LN40~ and multiple severe organ lesions. These cellular factors were mainly proinflammatory cytokines, antiviral factors and chemokines, primarily including IL-6, IL-8, IFN-α, IFN-β, CXCL10 and CXCL12. IL-6 and IL-8 (also called CXCL8) are both pro-inflammatory cytokines that attract and activate immunocytes, including T cells, B cells and phagocytes ([@bib0020], [@bib0300]). Although they have important roles in inducing and regulating immune protection to invade microbes, these two cytokines, particularly IL-6, are largely involved in the development of lesions caused by overactive immune responses, such as those observed in infections of influenza virus ([@bib0045], [@bib0100]), HIV-1, SIV and severe acute respiratory syndrome (SARS) coronavirus ([@bib0085], [@bib0170], [@bib0225]). IFN-α and IFN-β, which are both type I interferons that trigger potent innate immune responses in host defense systems ([@bib0090]), play important roles in antiviral, antibacterial and anticancer responses. IFN-α/β activate immature dendritic cells and upregulate the expression of chemokine and chemokine receptors. IFN-α/β have been found to regulate adaptive immunity by promoting the generation of neutralizing antibodies and enhancing T cell-dependent antibody responses. The knockout of functional type I IFN receptor in mouse models has been shown to deactivate its associated signaling pathways ([@bib0280]) and to dramatically increase the severity of symptoms in virus-infected mammalian hosts ([@bib0175]). In contrast, the vaccine strain EIAV~DLV121~ had a significantly lower replication level and induced a moderate elevation in the expression of cytokines tested in parallel compared with the pathogenic strain EIAV~LN40~, except for IFN-γ in the spleen and CXCL12 in the lungs. Therefore, the present results indicate that differences in EIAV pathogenicity are largely determined by differences in viral replication and the host responses in multiple organs, such as the spleen and lungs.

CXCL10, also termed IFNγ-induced protein 10 (IP-10), is produced in response to IFN-γ in monocytes, endothelial cells and fibroblasts to attract different types of immunocytes ([@bib0180]). CXCL10 expression has been reported to be increased in an encephalitic brain and lungs affected directly and indirectly by infection of simian/human immunodeficiency virus (SHIV) or SIV ([@bib0235]). CXCL10 has also been shown to be associated with the development of pneumonia and to recruit additional inflammatory cells to the lungs during viral infection ([@bib0240], [@bib0270]). Interstitial pneumonia has been reported in EIAV-infected horses, similar to SIV-infected macaques and HIV-1-infected humans ([@bib0035]). Up-regulation of CXCL10 expression coupled with pathological damage implicate the involvement of this chemokine in the development of pneumonia associated with EIAV infection. CXCL12, also known as stromal cell-derived factor 1 (SDF1), is an anti-apoptotic chemokine, as are CCL21 and CCL25. All of these chemokines are involved in enhancing cell survival by inactivation of members of the apoptotic pathways at the post-translational level ([@bib0025], [@bib0070], [@bib0215]). Down-regulation of the mRNA expression of these chemokines in the lungs and lymphoid tissues during SIV infection has been reported to contribute to the increased apoptosis of host cells ([@bib0200], [@bib0210]). The 40- and 17-fold upregulation of CXCL12 and CCL21 mRNA expression, respectively, in the EIAV~LN40~-infected spleens and the 17-fold increase in CXCL12 mRNA expression in the EIAV~DLV121~-infected lungs observed in this study suggest that the host response is triggered by EIAV infection to reduce cellular apoptosis.

The present study revealed that both the pathogenic and vaccine strains replicated in some of the host tissues, however, they caused different clinical and histopathological outcomes. It has been reported that viral tropism, which refers to the specificity of a certain virus for a particular cell (cellular tropism) or tissue type (tissue tropism), is an important factor in determining the outcome of viral infection ([@bib0165]). Consistent with other reports ([@bib0075], [@bib0160], [@bib0185], [@bib0190]), our data demonstrated that macrophages were the primary target cells of EIAV infection and replication in the EIAV~DLV121~-inoculated horses and that alveolar epithelial cells and vascular endothelial cells in the lungs and vascular endothelial cells in the spleen were also EIAV positive in EIAV~LN40~-infected horses. Previous studies have observed that multiple consensus mutations in macrophage- and fibroblast-adapted EIAV strains during the process of *in vitro* attenuation, especially in the LTR ([@bib0195]) and *env* regions([@bib0285]). The LTR region contains the transcription initiation site and thus largely determines the cellular tropism ([@bib0195]). The discontinuous area in the C-terminus of the EIAV gp90 glycoprotein was identified as the binding domain of EIAV receptor ([@bib0275], [@bib0305]). Thus, it is reasonable to speculate that cellular tropism can be affected by the sequence variability among strains.

Notably, in contrast with the other investigated cytokines and chemokines, which were more strongly up-regulated by EIAV~LN40~, the mRNA expression of IFN-γ, an important regulator of immune responses, was effectively stimulated (an approximately 30-fold increase) in the spleen by EIAV~DLV121~ but fluctuated around the baseline of the uninfected control group in the spleens infected with EIAV~LN40~. These results are consistent with those of a study showing that the production of IFN-γ in the serum, together with that of IL-2 and IL-12, are markedly increased and are maintained at a high concentration at approximately 50 dpi in horses inoculated with the vaccine strain EIAV~DLV121~ but that they exhibit no or a low level of up-regulation in horses infected with EIAV~LN40~([@bib0310]). It is well accepted that the expression of IFN-γ is an important index of cell-mediated immunity, especially cytotoxic T lymphocyte (CTL) responses to lentiviral infections, including HIV-1 and SIV, and that it is correlated with vaccine-induced immunity ([@bib0155], [@bib0220]). Furthermore, IFN-γ stimulates functional polarization of monocyte-derived macrophages into the classical M1 cells, which express high levels of pro-inflammatory cytokines and provide protection from viral and microbial infections ([@bib0145], [@bib0150]). In addition, IFN-γ is a powerful inducer of programmed death-1 (PDL-1), which strongly attenuates immune reactions ([@bib0065], [@bib0105]). We speculate that the enhancement of IFN-γ expression by the EIAV vaccine strain is involved in the protective immune response against the pathogenic strains and in the remarkable decrease in the number of inflammatory-related tissue lesions caused by EIAV infection.

Correlation analysis between the EIAV vRNA copy numbers and cytokine expression levels revealed that the vRNA copy number of attenuated EIAV~DLV121~ was positively correlated with IFN-α and IL-10 and that the pathogenic EIAV~LN40~ proliferation level was positively correlated with IL-6 and negatively correlated with IFN-β and IL-1β. These data indicate that although the several hundred-fold higher proliferation level of EIAV~LN40~ largely determined the significantly higher expression levels of a panel of cytokines/chemokines, as shown in [Table 1](#tbl0005){ref-type="table"}, the differences in the sequences of double-stranded (ds)RNAs between the vaccine and pathogenic viral genomes may have had different effects on inducing the expression of some cytokines that play important roles in immune responses. In addition to the type of viral protein, the features of viral genomic materials also greatly influence intracellular signaling networks. We have previously demonstrated that compared with the similar proliferation level of the pathogenic strain, the EIAV vaccine strain induced the activation of Toll-like receptor 3 (TLR3) by approximately 10-fold, which is an intracellular pattern recognition receptor (PPR) that is specifically activated by dsRNA ([@bib0140]). It is assumed that the vaccine vRNA copy number-dependent induction of the expression of anti-viral IFN-α and anti-inflammatory IL-10 is partly responsible for the attenuated virulence of EIAV~DLV121~. In addition, the negatively correlation of the EIAV~LN40~ vRNA copy number with IL-1β expression suggests that the EIAV pathogenic strain has an inhibitory effect on this potent antiviral protein. This effect was demonstrated in the EIAV~LN40~ inoculated horses by the markedly increased upregulation of IL-1β expression in the lungs compared with the spleen, which is a major peripheral immune organ that harbors much more macrophages, which are the principal target cells of EIAV, and a ten-fold greater number of EIAV virions.

In summary, there were no visible pathological lesions resulting from infection observed in the horses experimentally infected with the attenuated vaccine strain, EIAV~DLV121~ in contrast with those infected with its parental pathogenic strain EIAV~LN40~, which causes severe hyperemia, hemorrhage and necrosis in multiple organs of infected animals. The following biological characteristics of the attenuated virus may have caused the differences in pathology: (i) the relatively low copy number and stable replication status in tissues; (ii) the different cellular tropism; and (iii) differences in the induction of cytokines and chemokines, both in the expression levels and spectra. Both the attenuated virulence and the appropriate induction of cytokine responses of the EIAV vaccine strain may provide the host with sufficient time (immune maturation) to develop protective immunity elicited by the correct antigenic stimulation by the vaccine.
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[^1]: UI: uninfected.

[^2]: NS: not significant.

[^3]: The arithmetic mean of the fold change of the expression level target gene relative to that of uninfected animals, and data are the mean ± SEM.

[^4]: Increased expression level of cytokines and chemokines with a fold change \>2.

[^5]: Unchanged expression level was defined as fold change \<2. Underlined data: decreased expression level with a fold change \>2.

[^6]: Student\'s *t*-tests were used for all comparisons.

[^7]: Only Pearson\'s correlations for which *P *\< 0.05 are shown.
